Abstract Brevipalpus yothersi Baker (Acari: Tenuipalpidae) was recently confirmed as one of the main vectors of citrus leprosis. Knowledge about this mite's biology is essential to understand its population dynamics, in order to solve management issues in citrus orchards and explain why citrus leprosis is more severe in some regions. This paper aimed to study biological factors affecting prevailing population levels of B. yothersi and incidence of citrus leprosis. Mites were sampled from orchards in the south, north and northwestern regions of São Paulo State, Brazil. We assessed duration of the developmental stages, oviposition, incubation period, egg viability, longevity, net reproductive rate (R o ), mean generation time (T), intrinsic rate of increase (r m ) and finite rate of increase (λ). There were small differences in parameter values between the three populations. Our results indicated that the various measures adopted in the control of the three populations did not lead to major biological differences between populations for the evaluated parameters.
Introduction
Until recently, Brevipalpus phoenicis (Geijskes) (Acari: Tenuipalpidae) was considered the only vector of citrus leprosis virus in Brazil, whereas Brevipalpus californicus (Banks) and Brevipalpus obovatus Donnadieu were considered the vector of that pathogen in the USA and Argentina, respectively (Bastianel et al. 2010) . However, the examination of a large number of specimens from different countries previously determined as B. phoenicis led Beard et al. (2015) to conclude that they actually corresponded to a species complex, 1 3 which included Brevipalpus yothersi Baker. Based on that study, Mineiro et al. (2015) concluded that the predominant species in citrus orchards of the Brazilian state of São Paulo was B. yothersi.
To the best of our knowledge, no previous study referring to the biology of B. yothersi has been published, although at least some of the previous biological studies referring to B. phoenicis could in fact correspond to B. yothersi. Basic studies on the biology of this mite vector are fundamental to establish measures for its appropriate control and reduction of the incidence of the citrus leprosis virus.
The greater genetic variability of Brazilian populations of B. yothersi in comparison with populations collected elsewhere suggests this species to have originated in Brazil (Salinas-Vargas et al. 2016) . One of the factors associated with greater genetic variability could be the management adopted in citrus. Alternating acaricides used in the integrated pest management orchards could be responsible for differences in population genetics (Pascual-Ruiz et al. 2014) . These authors conclude that reduced pesticide application leads to lower genetic diversity (Pascual-Ruiz et al. 2014 ) and a lower adaptive cost.
The major citrus leprosis viruses (CiLV-C, -C2 and -N) were detected by conventional and reverse strand specific RT-PCR in B. yothersi by Roy et al. (2015) , confirming this species as one of the major vectors of the disease. Citrus leprosis affects all citrus-producing regions in Brazil, being more severe in the northern and northwestern regions of São Paulo State. This difference was attributed by Bassanezi et al. (2002) to be due to differences in prevailing climatic factors. In the orchards located in the southern region of the state, the incidence of citrus leprosis is reduced, which leads growers to apply acaricides less often to control Brevipalpus mites. This can generate biological differences between populations, including the efficiency of virus transmission.
The hypothesis of the present work was that populations of B. yothersi of important citrus regions have different biological characteristics, given the different control measures to which they have been subjected. If this is proven, it may help to explain the different degree of importance of citrus leprosis among regions. Determination of the biology of populations of B. yothersi in each region is essential to understand their population dynamics in the field, improving monitoring techniques and strategies for the control of the mite and citrus leprosis.
Thus, the aim of this study was to determine the biology and the fertility life-table parameters of B. yothersi populations from three important citrus-producing regions of São Paulo State, to relate the possible differences with the different levels of occurrence of the mite and citrus leprosis in each region.
Materials and methods

Sampling
Mites used in this study were collected from commercial orchards. The first mite population was collected on 29 August 2014 from a 9-year-old orchard of 'Pera' sweet orange grafted on 'Cleopatra' mandarin, at Agroterenas farm, municipality of Santa Cruz do Rio Pardo, in southern São Paulo State (22º48′52.57″S, 49º19′35.30″W; 573 m above sea level). The second population was collected on 12 November 2014 from a 5-year-old orchard of 'Valencia' sweet orange grafted on 'Sunki' tangerine, at Vila Rica farm, municipality of Barretos, in northern São Paulo (20º37′29.78″S, 48º50′12.73″W; 528 m a.s.l.). The third population was collected on 7 November 2014 from a 13-year-old orchard of 'Green Lime' grafted on 'Rangpur lime', at Costa and Melo farm, municipality of Jales, in northwestern São Paulo (20º06′03.99″S, 50º36′59.59″W; 436 m a.s.l.). The history of pesticide applications at the collection areas in the previous year is presented in Table 1 . Average climatic parameters in the collection sites were: Santa Cruz do Rio Pardo, 22.6 °C, 71% RH and annual rainfall of 1475 mm; Barretos, 24.8 °C, 62% RH, 1254 mm annual rainfall; Jales, 24.3 °C, 66% RH, 1222 mm annual rainfall (averages for 1985 -2015 INMET 2015) .
Infested fruits were collected and transported to a laboratory for the establishment of stock colonies on unsprayed 'Natal' sweet oranges, which were washed with tap water and partially covered with wax, leaving a small arena (about 10 cm 2 ) uncovered, for colonization by the mites. Irregularities on the surface of these arenas were setup using a mixture of sand, gypsum, wheat flour and water at a ratio of 4:1:1:3, to simulate irregularities of fruit skin, favored by the mite (Salinas-Vargas et al. 2016) . The edges of the arenas were smeared to prevent mites from escaping. Colonies were maintained in a climatic chamber at 23 ± 1 °C, 60 ± 10% RH and 14 h daily photoperiod, replacing the fruits as needed.
Mite identification
Adult females were taken randomly from each colony and mounted on microscope slides containing Hoyer's medium for examination under a differential interference contrast microscope. Identification was based on Beard et al. (2015) .
Life cycle
For determination of the biological parameters, experimental units were setup on fruits harvested from the same orchard as the fruits used for the stock colonies, and the experimental units (2.5 cm 2 ) were similar to the units used for the stock colonies. One adult female was transferred to each unit. 24 h later, the females and excess eggs were removed, leaving only one egg per unit. The study was conducted between June and August 2015, under the same conditions at which the colonies were maintained, with 50 replicates, each corresponding to one mite. The experiment was initiated about 8 months after the establishment of the stock colonies (about 11 generations) in order to avoid pre-imaginal conditioning. Units were examined daily at 8:00 AM and 4:00 PM, to determine duration of each stage, oviposition and survivorship. Data were tested for normality and homogeneity of variance and subsequently the averages were compared using Tukey's test (α = 0.05).
Fertility life tables
A fertility life table was constructed for each population, based on all tested mites (including those that died during development), as proposed by Chi (1988) . The original data for all individuals were analyzed according to the theoretical model proposed by Chi and Liu (1985) , using the TWOSEXMS Chart program (Chi 2016) . Parameters evaluated were agestage specific survival rate (S xj ), age-specific survivorship rate (l x ), age-specific fecundity (m x ), age-stage specific survivorship expectancy (e xj ), and age-stage specific reproduction values (v xj ), as described by Chi and Su (2006) . Intrinsic growth rate was calculated according to the method proposed by Chi and Su (2006) .
The experiment was conducted as a fully randomized design. The mean and standard error of each biological and population parameter was estimated by the bootstrap method, following the procedure proposed by Huang and Chi (2012) . Treatment means were compared by paired bootstrap test, based on the confidence interval of differences (Efron and Tibshirani 1993; Akkopru et al. 2015) .
Results
Although significant differences were observed for most evaluated parameters (except for duration of post-oviposition), these were small, except for total duration of the life cycle (equivalent period from egg phase to death of mite) ( Table 2) . Differences between fecundity and viability were also small. As a consequence, differences between life-table parameters were small, despite their significance (Table 3) . Adult longevity was slightly longer for the northwestern and shortest for the southern populations (Fig. 1) . Table 2 Mean (± SE) biological parameters of Brevipalpus yothersi collected in the northern, northwestern and southern region of Sao Paolo state, Brazil, maintained at 23 ± 1 °C, 60 ± 10% RH and 14 h of daily photoperiod Means within a row followed by the same letter do not differ significantly (Tukey's test: P > 0.05)
Biological parameters
Region 
Discussion
Values of the biological parameters were similar to those previously determined by other authors for populations identified as B. phoenicis. A Brazilian population reared by Chiavegato (1986) on citrus fruits at 25 ± 1 °C, 70 ± 10% RH and 12 h daily photoperiod had a life cycle of 19.2 days, longevity of 22.2 days and average fecundity of 22.5 eggs per female. Under similar environmental conditions, Haramoto (1966) determined that immature development required longer to be completed on papaya (29.3 days), suggesting that the substrate had a pronounced influence on mite development. Northwest region South region North region Fig. 1 Survival rate of Brevipalpus yothersi collected in the northern, northwestern and southern region of Sao Paolo state, Brazil, maintained at 23 ± 1 °C, 60 ± 10% RH and 14 h of daily photoperiod Zaher et al. (1971) , Chiavegato (1986) and Trindade and Chiavegato (1994) showed the reduced duration of the immature phase with increasing temperature, as universally known for invertebrates. Souza (2002) evaluated the effect of relative humidity on B. phoenicis (probably B. yothersi) . This author verified that extreme values (30 and 90% RH) interfere negatively in the biological development of B. phoenicis, whereas 60% RH was most favorable. The 30% RH affected eggs viability, with egg hatching rate ranging from 32.2% (at 30% RH) compared to rates of 91.0 and 92.2% at 60 and 90% RH, respectively.
Winter is drier in northern and northwestern São Paulo State than in the southern region of the state (INMET 2015) , favoring the development of B. yothersi (Oliveira 1986; Silva et al. 2012) . Laranjeira et al. (2015) reported that the combination of longer days, higher temperatures, lower relative humidity and lower evapotranspiration levels increase the likelihood of B. phoenicis infestation. The water content in the soil has also been assumed to affect the population growth of Brevipalpus spp. Andrade et al. (2013) found that populations of Brevipalpus spp. developed faster on citrus plants under water stress (field capacity below 55%), with a consequent increase in citrus leprosis severity.
For species of the B. phoenicis group, life- The results of the present study indicated that the different measures adopted in the control of the three populations did not lead to major biological differences between populations for the evaluated parameters, rejecting our initial hypothesis. Hence, it seems that the lower population levels of B. phoenicis (probably B. yothersi) reported by Bassanezi et al. (2002) in the southern region of São Paulo State can be attributed to the slightly lower average temperature and higher rainfall compared to other regions, and not to different biological characteristics of the populations. This assumption is also supported by the great similarity of the three populations in relation to life-table parameters.
An alternative or addition reason may be the less intensive citrus cultivation in the southern region, where groves occupy a smaller proportion of the area, being usually surrounded by other crops, mainly sugarcane, Saccharum officinarum L., and natural vegetation. This situation may determine reduced availability of virus inoculum and viruliferous mites. Still another possibility could be the variation between populations in the ability to transmit the virus.
It is important to mention that in the northern and northwestern regions there are differences in the occurrence and severity of other pests and diseases resulting in the use and quantity of various pesticides compared to southern region (Bassanezi et al. 2014) . It is known that pesticides cause biological, genetic and behavioral changes in mites (PascualRuiz et al. 2014; Guedes and Cutler 2014) , moreover affect their natural enemies or even cause modifications in the physiology of the host plant (Guedes and Cutler 2014) , possibly changing their susceptibility to mites and CiLV virus.
Differences regarding the adaptation of B. yothersi to a host type also cannot be neglected to explain the incidence of citrus leprosis. Adapting to specific hosts often involves trade-offs that limit performance on other hosts (Fellous et al. 2014 ). Fellous et al. (2014 concluded that the polyphagous mite Tetranychus urticae Koch (Acari: Tetranychidae) can adapt in a few generations to a new host, but at the expense of decreased performance on other hosts. Thus, studies to evaluate those alternative hypotheses seem warranted, in an attempt to determine the reason for the lower incidence of citrus leprosis in the southern region of São Paulo State.
